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Subcellular localizationa b s t r a c t
A proteomics screen was initiated to identify Rab proteins regulating transport to and away from
peroxisomes. Mass spectrometry-based protein correlation proﬁling of rat liver organelles and
immunoﬂuorescence analysis of the peroxisome candidate Rab proteins revealed Rab6, Rab10,
Rab14 and Rab18 to associate with the peroxisomal membrane. While Rab14 localized to peroxi-
somes predominantly in its dominant-active form, other Rab proteins associated with peroxisomes
in both their GTP- and GDP-bound state. In summary, our data suggest that Rab6, Rab10, Rab14 and
Rab18 associate with the peroxisomal compartment and similar as previously shown for Rab8,
Rab18 in its GDP-bound state favors peroxisome proliferation.
Structured summary of protein interactions:
bifunctional enzyme, PEX11alpha, Rab-18, Rab-14, Rab-6A, Rab-10 and Rab-2A colocalize by cosedimen-
tation through density gradient (View interaction)
Catalase and Rab18 colocalize by ﬂuorescence microscopy (View interaction)
Rab14 and Catalase colocalize by ﬂuorescence microscopy (View interaction)
Rab6 and Catalase colocalize by ﬂuorescence microscopy (View interaction)
Rab10 and Catalase colocalize by ﬂuorescence microscopy (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Synthesis of ether phospholipids including plasmalogens starts inFunctions of mammalian peroxisomes relate to oxidative degra-
dation of metabolites, such as very long chain fatty acids including
pristanic acid, trihydroxycholestanoic acid and long-chain dicar-
boxylic acids, D-amino acids, pipecolate, glycolate, hydroxy acids,
spermidine and epoxides [1]. Besides the oxidative catabolism that
generates highly reactive oxygen species like hydrogen peroxide,
superoxide anion and peroxinitrite, peroxisomes are implicated
in the synthesis of ether phospholipids and possibly isoprenoids
[2–5]. Many of these functions for completion require activities lo-
cated in other subcellular compartments. For example, very long
chain fatty acid-CoAs may be chain-shortened to medium chain-
CoAs, converted to carnitine derivatives and after export from per-
oxisomes taken up by mitochondria for further degradation [1].peroxisomes but is completed by enzymes located at the endoplas-
mic reticulum (ER). Thus, peroxisomes metabolically communicate
with other cellular compartments. Do they also physically interact
with them? Recent studies indicate both in mammalian cells and
in Saccharomyces cerevisiae vesicular transport of peroxisomal
membrane proteins (PMPs), such as Pex3p and Pex19p from the
ER to peroxisomes [6–8]. Further support for vesicular cycling of
components between peroxisomes and the ER may be derived
from studies demonstrating ARF1 and COP I coat-binding to per-
oxisomes [9–11] that may serve the retrograde transport of ER res-
ident proteins and/or the vesicular exchange of materials with
other cellular compartments, e.g. lipid droplets LDs) [12–15].
To be motile within cells, peroxisomes are transiently trans-
ported both to the cell periphery and back to the cell center [16–
19]. Failure of peroxisome–microtubule interactions results in
clustering of peroxisomes [20]. Microtubule-based peroxisomal
motility is regulated both inside cells by RhoA and from the outside
by a signaling cascade including ATP and lysophosphatidic acid
receptor co-stimulation and heterotrimeric Gi/Go proteins
T. Gronemeyer et al. / FEBS Letters 587 (2013) 328–338 329[16,17]. Recent studies further demonstrate peroxisomal associa-
tion with actin, non-muscle myosin IIA, Rho kinase II and Rab8 pro-
viding evidence that in addition to microtubules peroxisomes also
interact with the acto–myosin complex dependent of the state of
activity of RhoA [21].
Different to previous views that envisaged peroxisomes as rep-
resenting a more or less autonomous cell compartment, recent ad-
vances indicate multiple intracellular interactions and functional
exchange between peroxisomes and other organelles. As many of
these activities are known to require regulatory switches, we initi-
ated a proteomics study aiming at detecting peroxisomal associa-
tions with small GTPases other than RhoA and Rab8. By
immunoﬂuorescence (IF) analysis we now conﬁrm localization of
Rab6, Rab10, Rab14 and Rab18 to the peroxisomal compartment.
2. Materials and methods
2.1. Isolation of peroxisomes
Highly puriﬁed peroxisomes from rat liver were isolated as pre-
viously described [22]. Aliquots were stored in small aliquots at
80 C prior to use.
2.2. Proteomics analyses of peroxisomes and peroxisomal membranes
For protein proﬁling Nycodenz gradient fractions were individ-
ually treated with 100 mM NaCO3 and the resulting membrane
pellets subjected to SDS–PAGE. For further analysis the gel region
between 15–30 kDa was cut into three slices and after trypsin
treatment the proteins were subjected to proteomics analysis as
described previously [21].
For peptide and protein identiﬁcation, MS/MS datasets were
generally correlated with the rat International Protein Index
(IPI; www.ebi.ac.uk) database using the MASCOT algorithm. Pro-
teins were identiﬁed based on at least one unique peptide with
a false positive rate below 5%. Proteins of interest were semi-
quantitatively followed across the density gradient fractions by
calculating the respective spectral counts and plotting these
against the respective gradient fractions to generate protein
proﬁles [23].
2.3. Constructs and cloning
Templates encoding Rab2A (human), Rab18 (mouse; 99% se-
quence identity with human Rab18) and Rab6 (human) were
kindly provided by Kirill Alexandrov (MPI for Molecular Physiol-
ogy, Dortmund, GER) [24]. Rab genes were ampliﬁed by PCR and
subsequently cloned into pDsRed-C1-monomer (BD Biosciences/
Clontech, Heidelberg, GER) using the Sac1/Xma1 or Xho1/Xma1
restriction sites. HA-tags (amino acids 96–108 from human inﬂu-
enza hemagglutinin) were inserted by PCR primers between the
DsRed and the Rab ORF.
HA-Rab6 wildtype (wt) and HA-Rab18wt were constructed by
removing the DsRed by restriction with Age1 and Bgl2, ﬁlling up
the sticky ends with Klenow fragment treatment and subsequent
blunt end ligation of the plasmid. HA-Rab6Q65L and HA-Rab6-
N126I expression constructs [25] were a kind gift of Guangyu
Wu (Louisiana State University, New Orleans, USA). GFP-Rab10,
GFP-Rab10Q68L and GFP-Rab10T23N were as previously published
[26] and kindly provided by Kai Simons (MPI of Molecular Cell Biol-
ogy, Dresden, GER). GFP-Rab18, GFP-Rab18Q67L and GFP-
Rab18S22N were from Sally Martin (University of Queensland,
Brisbane, AUS) [27] and Cherry-Rab14wt, Cherry-Rab14Q70L and
Cherry-Rab14S25N from Mary McCaffrey (Dept. of Biochemistry,
University College Cork, IE) [28]. The peroxisomal marker plasmid
pEGFP-SKL was from BD Biosciences/Clontech (Heidelberg, GER).2.4. Cell culture
Human hepatocellular carcinoma (Huh7) wt cells were grown
in DMEM containing 10% FCS (Gibco/Invitrogen, Karsruhe, GER).
One day before transfection, cells were seeded on glass cover slips
at a density of 2.5  105 cells/ml. The medium was changed to
DMEM containing 5% FCS and transfection performed using cal-
cium phosphate. After 4 h the cells were incubated with 10% glyc-
erol in DPBS (Gibco) for 1 min and grown for further 48 h in DMEM
containing 10% FCS. Transfected cells were ﬁxed for 10 min with 3%
paraformaldehyde in DPBS, washed with DPBS and ﬁnally mounted
on glass slides using VectaShield hard set mounting medium (Vec-
tor Laboratories, Burlingame, CA, USA).
For stably expressing tagged Rab constructs, cells were seeded in
6 well culture plates (TPP, Trasadingen, CH) at a density of
2.5  105 cells/ml and transfected as described above. Twenty-four
hours after transfection cells were selected andmaintained inmed-
ium containing 400 and 250 mg/l Geneticin (Gibco), respectively.
2.5. Immunoﬂuorescence and microscopy
Cells grown on glass cover slips were ﬁxed in 3% PFA and perme-
abilizedwith 1% TX-100 for 5 min at room temperature. After block-
ing with 10% BSA, cells were incubated for 1 h at 37 C with guinea
pig anti-catalase primary antibody followed by anti-guinea pig
Alexa546- or Alexa488-labeled secondary antibody (Invitrogen).
Cover slips were mounted on glass slides using VectaShield. Digito-
nin permeabilization was carried out prior to ﬁxation using a con-
centration of 80 lg/ml (Applichem, Darmstadt, DE) in DPBS [29].
HA-tagged Rab constructs were visualized by staining with a
mouse anti-HA antibody (Sigma, Taufkirchen, DE) and an anti-
mouse Atto488- (Sigma) or Alexa546-labeled (Invitrogen) second-
ary antibody. For IF demonstration of GFP the mouse anti-GFP anti-
body (Roche Diagnostics, Mannheim, GER) was decorated with an
anti-mouse Alexa546-labeled secondary antibody (Invitrogen).
Microscopy was done on an Observer SD confocal microscope
(Zeiss, Göttingen, GER) equipped with 488 and 547 nm diode lasers
and a 63-fold Plan-Apochromat objective with lens aperture 1.4.
For image acquisition and processing the AxioVision 4.8.1 software
(Zeiss) was used.
2.6. Image analysis
Prior to quantiﬁcation of co-localizing structures, usually 6–15
z-layers per stack were ﬁltered using the Gauss ﬁlter implemented
in the image acquisition software in order to remove noise. Subse-
quently, stacks of the 488 and 547 nm channels were separately
exported as 8-bit grey-scale images in TIF format and analyzed
using ImageJ (http://rsb.info.nih.gov/ij/) and the OBCOL plugin
[30]. The total number of peroxisomes per cell was determined
with the ‘‘3D-objects-counter’’ plugin for ImageJ.
The Pearson coefﬁcient comparing the intensity distribution of
shapes between two different channels was used to determine co-
localization. Voxelswith a coefﬁcient >0.5were consideredas co-local-
izing. A value equal to 0.5 implies that 50% of the voxels in one image
overlap with the corresponding voxels in the other image [31].
3. Results
3.1. Analytical studies
Inpilot experiments analyzing theassociationof smallGTP-bind-
ing proteins to peroxisomes, isolated peroxisomes were ﬁrst incu-
bated in the presence of cytosol, an ATP-regenerating system and
the non-hydrolyzable GTP analogue GMP-PNP before re-isolating
and subjecting to 1D- or 2D-electrophoresis [32]. After transfer onto
Table 1
Annotation of Rab proteins and Rab functional groups.
Group II Group VI Group VIII
Rab 2 Rab 6 Rab 8
Rab 14 Rab10
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in presence of 32P-GTP [28]. While 1D-gels exhibited radio-labeled
GTP-binding proteins in discrete regions of the gel at 30, 27, 24
and 20 kDa, 2D-electrophoresis revealed multiple radioactive spots
out of which RhoA and Arf1 were identiﬁed by mass spectrometry
(data not shown). To further characterize the association of Rab pro-
teins to peroxisomal membranes, the post-nuclear supernatant of a
rat liver homogenatewas separated by equilibriumdensity gradient
centrifugation andRabprotein abundance analyzedby a proteomics
screen [33]. Using bifunctional protein and Pex11a as markers for
the peroxisomal matrix and membrane, respectively, protein abun-
dance proﬁling [34] identiﬁed Rab2, Rab6, Rab10, Rab14, and Rab18
as potential peroxisomal constituents (Fig. 1). Except Rab8 [21],
these Rab proteins were also detected in the low-density micro-
somal region of the gradient, however their maximal concentration
was clearly correlated with the peroxisomal fraction.Fig. 1. Protein abundance proﬁling for Rab2A, Rab6A, Rab10, Rab14, and Rab18. The p
gradient centrifugation and the relative abundance of the Rab proteins (A) and the pero
peptides using spectral counts. Bifunctional enzyme and Pex11a were used as markers fBased on tree topology, eight functional groups of co-segre-
gating Rab proteins were recently described that might reﬂect
sequence similarities, cellular localization and/or functional cor-
relation [35]. The Rab proteins identiﬁed by the present study
to supposedly target to peroxisomes were assigned to Rab func-
tional group II (Rab14), VI (Rab6) and VIII (Rab8 and Rab10)
(Table 1). So far Rab18 has not been assigned to any of these
groups.ost-nuclear fraction of a rat liver homogenate was separated by Nycodenz density
xisomal marker proteins (B) were determined by LC/MS analyses of speciﬁc tryptic
or the peroxisomal matrix and membrane (gradient fractions 3 and 4), respectively.
Fig. 2. IF co-localization in Huh7 cells stably expressing EGFP-Rab18wt (A), the Q67L (B) and S22N (C) mutants with catalase that was used as a peroxisomal marker. For
visualization of catalase, guinea pig anti-catalase antibody was decorated with an Alexa546-labeled secondary antibody. The number of co-localizing structures (D) and the
average number of total peroxisomes per cell (E) were determined by quantitative image analysis. The images were assembled from z-projections, the scale bar represents
10 lm.
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Proper functioning of Rab proteins strictly depends on their
post-translational modiﬁcation by C-terminal prenylation. Differ-
ent to other small GTPases that are prenylated by farnesyltransfer-
ase (FT) and geranylgeranyl transferase type I (GGT-I), Rab familymembers are geranylgeranylated by RGGT/GGT-II [36]. Whereas
both FT and GGT-I transfer the isoprenoid residue to the cysteine
residue of a C-terminal CaaX motif, RGGT/GGT-II recognizes Rab
proteins in complex with Rab escort protein (REP) facilitating addi-
tion to the Rab protein of two geranylgeranyl moieties. However,
there is a small number of Rab family members, such as Rab8
Fig. 3. Differential permeabilization of Huh7 cells with digitonin. While Triton X-100 at a concentration of 1% permeabilized all cellular membranes (A), digitonin at a
concentration of 80 mg/ml permeabilized the cholesterol-rich PM but not the peroxisomal membrane (B). Thus, EGFP-SKL transiently expressed in Huh7 cells and imported
into the peroxisomal lumen was detected after Triton X-100 (mid, A) but not digitonin permeabilization (B). For staining EGFP-SKL the primary anti-EGFP antibody was
decorated with an Alexa-546-labeled secondary antibody. Images were assembled from z-projections, the scale bar represents 10 lm.
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Interestingly, the aaX tripeptides of mammalian Rab8 and Rab18
are consensus with a peroxisomal targeting signal 1 (PTS1), SLL
and SVL, respectively. Both signals have been shown to interact
in the two-hybrid systemwith the PTS1 receptor Pex5p [38]. More-
over, mono-cysteine Rabs were subject to CaaX proteolysis by Ras
and a-factor converting enzyme 1 (Rce1) and modiﬁed by isopre-
nylcysteine carboxymethyltransferase (Icmt). Both enzymes were
located at the ER. Importantly, in the absence of Rce1 and Icmt
the topology of EGFP-tagged and over-expressed Rab-CaaX pro-
teins was unaffected [36] suggesting that SLL and SVL do not mis-
target Rab8 and Rab18 to peroxisomes.
We ﬁrst investigated the intracellular distribution of Rab18,
particularly its EGFP-tagged wt, dominant-active (Q67L) and dom-
inant-inactive (S22N) forms in Huh7 cells (Fig. 2). IF images ob-
tained by confocal microscopy suggested co-localization of the
expression products with catalase-positive structures. A high de-
gree of co-localization was found with both the dominant-active
and -inactive mutants (Fig. 2B–D). In cells stably transfected with
the dominant-negative mutant, the total number of peroxisomes
was increased by about 50% (Fig. 2E). A similar result was obtained
with Rab8 [21]. Thus, both Rab8 and Rab18 localize to peroxisomes
and overexpression of their dominant-negative mutants favor per-
oxisome proliferation.
These observations raised the question as to the implication of
the PTS1 in this recruitment [39], although normally the aaX C-ter-
minal peptide is proteolytically cleavedoff duringpost-translational
processing by Rce1. On the other hand, should the PTS1 be involved
in the peroxisomal localization, both Rab8 and Rab18 are expected
to be imported into the peroxisomal matrix by following the Pex5-
PTS1 pathway. We therefore used Rab18 (with terminal aaX pep-
tide) and Rab6 (without terminal aaX peptide) to study the peroxi-
somal topology of the newly synthesized Rab proteins.
By differential permeabilization of Huh7 cells with Triton X-100
and digitonin [29], we ﬁrst investigated peroxisomal import of
EGFP-SKL (Fig. 3). In Triton X-100-permeabilized cells (Fig. 3A),
EGFP-SKL was localized in punctate structures typical for peroxi-
somes. The peroxisomal structures were visible by native EGFPﬂuorescence (left) and by using an anti-GFP antibody (mid). Both
structures completely co-localized (right). In digitonin-permeab-
lized cells (Fig. 3B), the native EGFP ﬂuorescence also produced a
peroxisomal pattern (left), however as expected, the anti-EGFP
antibody did not, as it was incapable to penetrate the non-perme-
abilized peroxisomal membrane.
Subsequently, we investigated the subcellular distribution of
HA-Rab6wt and HA-Rab18wt in Huh7 cells after permeabilization
with digitonin (Fig. 4). Both constructs were well expressed and
using an antibody directed towards the HA-tag both Rab6
(Fig. 4A) and Rab18 (Fig. 4B) co-localized with the peroxisomal
marker EGFP-SKL. While the peroxisomal compartment was recog-
nized by the endogenous EGFP ﬂuorescence, the anti-catalase anti-
body (Fig. 4C) could not stain peroxisomes due to the non-
permeabilized peroxisomal membrane. A quite similar result was
obtained for EGFP-Rab8 (data not shown). These observations sug-
gest that the newly expressed HA-Rab6, HA-Rab18 and EGFP-Rab8
were not imported by a Pex5p-dependent pathway into the perox-
isomal matrix but instead were bound to the cytosolic face of the
peroxisomal membrane.
Unlike Rab8, Rab10 that also belongs to the Rab functional
group VIII [35] has a typical Rab C-terminal dicysteine prenylation
motif XXCC that not at all mediates Pex5p-supported PTS1 import.
Expression of EGFP-Rab10 in Huh7 cells resulted in peroxisomal
targeting of the expression product as revealed by co-localization
of the EGFP signal with that of catalase. Both wt, dominant-active
and -inactive forms of EGFP-Rab10 localized to peroxisomes
(Fig. 5A–C). Compared to wt and the dominant-active protein
(Q68L), the dominant-inactive mutant (T23N) in addition to per-
oxisomes also localized to the Golgi as revealed by the increase
in perinuclear staining (Fig. 5C and D). Expressing the three con-
structs, however, did not affect the total number of cellular peroxi-
somes (Fig. 5E).
3.3. Subcellular distribution of Rab2 and Rab14
As mentioned before, both Rab2 and Rab14 belong to Rab
functional group II that also includes Rab4, Rab11 and Rab25
Fig. 4. Localization of Rab6 and Rab18 in Huh7 cells after differential permeabilization with digitonin. The HA-tagged wt constructs were transiently co-transfected with
EGFP-SKL that was used as a peroxisomal marker. Both HA-Rab6 (A) and HA-Rab18 (B) were localized to the cytoplasmic face of the peroxisomal membrane. Catalase residing
in the peroxisomal matrix could not be detected (C). The images were assembled from z-projections, the scale bar represents 10 lm.
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tion, Rab2 revealed the lowest spectral counts (Fig. 1). Actually,
transfecting Huh7 cells with DsRed-Rab2Awt and comparing the
ﬂorescence signal with that of the peroxisomal marker EGFP-SKL,
we could not get any indication for its peroxisomal localization
(Fig. 6). The obtained pattern rather resembled an ER/Golgi topol-
ogy [40].
Different to Rab2A, stable expression of Cherry-Rab14 in Huh7
cells clearly resulted in localization of the protein to the peroxi-
somal compartment (Fig. 7). Comparing the expression patters of
wt (Fig. 7A), dominant-active (Q70L, Fig. 7B) and -inactive (S25N,
Fig. 7C) Rab14 showed peroxisomal localization predominantly in
its dominant-active form. In this case, a nearly complete peroxi-
somal topology was observed. In contrast, the dominant-inactive
Rab14 (S25N) accumulated at intracellular structures that local-
ized closely around the cell nucleus rather than to peroxisomes
(Fig. 7C).
3.4. Peroxisomal localization of EGFP-Rab6
Rab6, a member of the Rab functional group VI, like Rab10 and
Rab14 carries a C-terminal XCXC prenylation sequence allowing
double geranylgeranylation for faithful intracellular targeting. So
far Rab6 was reported to localize to the Golgi and to cytoplasmic
vesicles and to control fusion and transport of secretory vesicles[41]. To study its intracellular distribution, HA-tagged wt, domi-
nant-active (Q72L) and -inactive (N126I) Rab6 constructs were
transfected into Huh7 cells and cell lines stably expressing the con-
structs established. All corresponding proteins localized to peroxi-
somes (Fig. 8). As revealed by differential permeabilization with
digitonin, Rab6wt was bound to the cytosolic face of the mem-
brane (Fig. 4A; see above). However, the GTP- and GDP-bound
Rab6 also recruited to vesicular structures other than peroxisomes
(Fig. 8B–D). Most likely these structures include Golgi-derived ves-
icles [41], as they, at least partially, co-localize with the Golgi mar-
ker GM-130 (data not shown).
4. Discussion
Rab proteins are known to function as essential regulators of
vesicle trafﬁcking and as such are indispensable in the organization
of intracellular compartmentalization. By accomplishing transport
of components between cellular compartments, Rab proteins are
involved in diverse processes, such as protein secretion, receptor
recycling, vesicle ﬁssion and fusion and lipid distribution. It is
therefore not surprising that usually more than one Rab family
member associates with a distinct compartment. For example,
recruitment to the ER and the Golgi has been reported for Rab1,
Rab6, Rab18, Rab30, Rab34, Rab43 and Rab2, Rab6, Rab10, Rab11,
Rab12, Rab14, Rab34, Rab36, respectively [42,43]. As Rab proteins
Fig. 5. IF co-localization in Huh7 cells stably expressing EGFP-Rab10wt (A), the Q68L (B) and T23A (C) mutants with catalase used as a peroxisomal marker. The guinea pig
primary anti-catalase antibody and was stained with an Alexa546-labeled secondary antibody. The number of co-localizing structures (D) and the average number of total
peroxisomes per cell (E) was determined by quantitative image analysis. Images were assembled from z-projections, the scale bar represents 10 lm.
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distinct Rab proteins might be found at more than one intracellular
location. In regulating maturation of early endosomes, for example,
Rab5 accompanies the endocytic membrane through various
stages and by recruiting Rab7 facilitates the conversion of early
to late endosomes [44]. Hence Rab5 has been found associated
with both early and late endosomes. A rather broad distribution
is also reported for Rab6A and Rab6A’ that were shown to coordi-nate retrograde endosome–Golgi–ER transport and thus localize to
all three compartments [45,46].
As mentioned before, Rab6 regulates trafﬁcking from early recy-
cling endosomes up to the ER but in addition catalyzes ﬁssion of
Golgi-exiting transport carriers by a myosin II/F-actin-dependent
mechanism [47]. Inhibition of either myosin II or Rab6 function im-
paired ﬁssion of Rab6 carriers and anterograde and retrograde traf-
ﬁcking of cargo. Interestingly, myosin IIA and F-actin were recently
Fig. 6. Intracellular localization in Huh7 cells of transiently expressed DsRed-Rab2Awt. To investigate the Rab2 localization to peroxisomes, DsRed-Rab2A was co-transfected
with the peroxisomal marker EGFP-SKL. No indication for a peroxisomal localization of Rab2 was obtained. Images were assembled from z-projections, the scale bar
represents 10 lm.
Fig. 7. IF co-localization of Huh7 cells stably expressing Cherry-Rab14wt (A), the Q70L (B) and S25N (C) mutants with catalase used as a peroxisomal marker. The primary
anti-catalase antibodies were stained with Alexa488-labeled secondary antibodies. While the dominant-active Q70L mutant assembled with peroxisomes (B), the dominant-
inactive one did not but instead strongly associated to a peri-nuclear membrane network (C). The images were assembled from z-projections, the scale bar represents 10 lm.
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in vivo and in vitro [21]. The GTP-dependence might well reﬂect
triggering of this process by a GTPase, such as Rab6 that in concert
with the acto–myosin complex might favor peroxisomal vesicula-
tion. A retrograde vesicular peroxisome-ER transport is strongly
supported by recent studies following the import pathway of early
components of the peroxisomal protein import machinery, such asPex3p and Pex19p connecting the peroxisomal compartment to
the endomembrane system [6–8]. It might also ﬁt to previous
observations demonstrating peroxisomal recruitment of Arf1 and
the COPI coat as mentioned at the beginning [9–11].
In a previous work, we reported that a 50-GFP-Rab8A fusion pro-
tein associated to both peroxisomes and the Golgi and in case of
the dominant-inactive Rab8A (T22N) led to a remarkable increase
Fig. 8. IF co-localization in Huh7 cells stably expressing HA-Rab6wt (A), the Q72L (B) and N126I (C) mutants with catalase used as a peroxisomal marker. While catalase was
visualized by guinea pig primary anti-catalase and secondary Alexa546-labeled antibodies, Rab6 was identiﬁed via the HA-tag and an Atto488-labeled secondary antibody.
The number of co-localizing structures (D) and the average number of total peroxisomes per cell (E) were determined by quantitative image analysis. The images were
assembled from z-projections, the scale bar represents 10 lm.
336 T. Gronemeyer et al. / FEBS Letters 587 (2013) 328–338in the number of peroxisomes [21]. Functionally Rab8 has been
linked to the constitutive and regulated transport of melanosomes,
the regulated secretion of ACTH by interacting with TRIP8b, a pro-
tein homologous to Pex5p the peroxisomal targeting signal 1
(PTS1) receptor and a recycling pathway localizing on organelles
with Arf6, MyoVb and MyoVc [48–51]. MyoV was also identiﬁedas an effector for Rab10 and Rab11 and all three Rab proteins were
implicated in regulating different pathways for recycling proteins
to the plasma membrane (PM) [51,52]. Whereas Rab11 was re-
quired for transferrin recycling, both Rab8 and Rab11 were neces-
sary for apical membrane sorting and de novo lumen formation
[52]. Thus, active (Rab8, Rab11) and inactive (Rab10) Rab proteins
T. Gronemeyer et al. / FEBS Letters 587 (2013) 328–338 337cooperate in the functioning of speciﬁc membrane trafﬁcking path-
ways. In Caenorhabditis elegans, Rab10 co-localized on recycling
endosomes with Arf6 and CNT-1, an Arf6 GAP, regulating transport
by activating type I phosphatidylinositol-4-phosphate (PtdIns4P)
5-kinase. Interestingly, we recently reported that various phos-
phatidylinositides including PtdIns4,5P2 were synthesized in
mammalian peroxisomal membranes [53]. Moreover, in S. cerevisi-
ae Arf1 and Arf3, the latter representing the yeast homolog of
mammalian Arf6, regulate peroxisome abundance in a positive
and negative manner, respectively [9]. These observations suggest
that Rab10 might be involved in trafﬁcking of both recycling endo-
somes and vesicles derived from peroxisomal membranes.
There is convincing evidence that Rab18 localizes to LDs there-
by triggering the amount of adipocyte differentiation-related pro-
tein (ADRP) and inducing close apposition of the droplets to the
ER most likely facilitating lipid exchange [27,54]. The peroxisomal
localization of Rab18 might thus indicate a similar role for Rab18
on peroxisomes that were recently shown to form extensive phys-
ical contact with LDs promoting the coupling of lipolysis in LDs
with peroxisomal fatty acid oxidation [13].
Rab14 as well as Rab2, Rab8 and Rab10 were recently found to
be targets of the Rab GAP Akt substrate of 160-kDa (AS160) and as
such participate in GLUT4 translocation to the PM [55]. Rab8 and
Rab14 dominated in muscle, whereas Rab10 was active in adipose
tissue possibly by facilitating recruitment of a myosin isoform
[56,57]. As silencing of AS160 increased the level of PM GLUT4
and glucose uptake in adipocytes, the Rab proteins in their active
GTP-bound state might contribute to GLUT4 retention and thus
prevention of its exocytosis [55]. Applied to the peroxisomal sys-
tem, these data suggest that dependent of their state of activity
Rab10/Rab14 might be implicated in impeding or favoring peroxi-
somal vesiculation.
The present IF analysis demonstrating Rab6, Rab10, Rab14 and
Rab18 localization to peroxisomes might represent a ﬁrst step to-
ward a more comprehensive understanding of peroxisomal traf-
ﬁcking. However, future studies particularly on the
characterization of the Rab-GAPs and Rab-GEFs and the peroxi-
somal effectors involved are needed in order to allow for a more
detailed insight into the role these Rab proteins play in peroxisome
biogenesis and the communication of peroxisomes with other cel-
lular compartments.
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